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Abstract
Molecular dynamic simulations were performed for ice Ih with a free surface by using four water
models, SPC/E, TIP4P, TIP4P/Ice and TIP4P/2005. The behavior of the basal plane, the primary
prismatic plane and of the secondary prismatic plane when exposed to vacuum was analyzed. We
observe the formation of a thin liquid layer at the ice surface at temperatures below the melting
point for all models and the three planes considered. For a given plane it was found that the
thickness of a liquid layer was similar for different water models, when the comparison is made at
the same undercooling with respect to the melting point of the model. The liquid layer thickness
is found to increase with temperature. For a fixed temperature it was found that the thickness of
the liquid layer decreases in the following order: the basal plane, the primary prismatic plane, and
the secondary prismatic plane. For the TIP4P/Ice model, a model reproducing the experimental
value of the melting temperature of ice, the first clear indication of the formation of a liquid layer
appears at about -100 Celsius for the basal plane, at about -80 Celsius for the primary prismatic
plane and at about -70 Celsius for the secondary prismatic plane.
∗ J.Chem.Phys. 129 014702 (2008)
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I. INTRODUCTION
The hypothesis of the formation of a liquid-like transition layer on the surface of ice at
temperatures below the bulk melting point temperature has been the subject of intermit-
tent controversy since it was first proposed by Faraday1. It is now commonly accepted that
melting starts at the surface and solids exhibit a liquid-like layer at the surface, already
at the temperatures lower than the bulk melting point2,3,4,5,6,7,8,9,10. When the thickness of
that liquid layer diverges at the melting point, the melting is denoted as surface melting.
When the thickness of the liquid layer remains finite at the melting point this is denoted
as incomplete surface melting11,12,13. The thickness of a quasi-liquid layer at a given tem-
perature depends on the material considered and on the crystallographic plane exposed (as
labelled by the Miller indexes). Whenever the thickness of a liquid layer is sufficiently large,
either because the system undergoes a surface melting or an incomplete surface melting
(with a significantly thick liquid layer), it is not possible to superheat a solid. Due to the
ubiquitous character of water, it is of particular interest to determine the structure of the
surface of ice14,15,16,17 and, in particular, the structure of a water liquid layer on ice at the
temperatures below the melting point. The solution to that problem is not only important
from a fundamental point of view, but also from a practical point of view. The existence
of a liquid layer of water on the free surface of ice at temperatures below the melting point
(usually denoted as a quasi-liquid water to illustrate the point that although liquid in char-
acter it is not fully equivalent to bulk water) is relevant to describe different phenomena.
For instance it is one of the explanations provided to understand why is so easy to skate
on ice18, although frictional heating is also playing an important role19,20. Also it has been
suggested that the existence of a liquid layer on ice, may play an important role in chemical
reactions occurring in the stratospheric clouds leading to the annual depletion of ozone in
the Antarctic region21. Thus, a number of important problems are connected in one way or
another to the existence of such a liquid water layer at the ice surface and that explain the
appearance of several review papers that have appeared recently22,23,24.
Is there any evidence of the existence of a quasi-liquid water layer on the free sur-
face of ice ? Yes, all experiments point out to the existence of such a quasi-liquid water
layer25,26,27,28,29,30,31. Unfortunately there is no consensus about its thickness. In fact, the
thickness of such layers may differ by an order of magnitude (sometimes almost by two)
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depending on the technique used22,23. The problem is certainly difficult and to understand
the origin of these discrepancies further work is still needed. Therefore, it is of interest to
see if quasi-liquid layers of water are also observed in computer simulations. Is is the main
goal of this work to investigate this problem.
When performing computer simulations of ice, it is necessary to choose a model of water.
If the goal of the simulations is to establish the existence of a quasi-liquid water layer at
temperatures below the melting point, it is absolutely needed to know the melting point of
the different water models. Some of the most popular water models, as TIP3P32, TIP4P32
and SPC/E33, which are now used in computer simulations on a routine basis were proposed
in the early eighties. Somewhat surprisingly the melting points were not established on a
firm basis, and only the pioneering work of Haymet and co-workers34,35,36,37 and Tanaka and
co-workers38 provided the first reasonable estimates of the melting point of ice Ih for these
models. These early values of the melting temperature were about 10K above the current
estimate of the ice melting point39,40,41,42,43,44. Fortunately, the melting points of TIP4P and
SPC/E models have been established on a firm basis over the last three years, being equal to
230(3)K and 215(4)K respectively36,37,39,40,41,42,43,44,45,46. Free energy calculations performed
by our group in Madrid39,41,45 and by Tanaka and co-workers40, are consistent with the
quoted values. Besides, direct simulations of the ice – liquid water coexistence, done by our
group42, by Vrba and Jungwirth46, and by Wang et al.43 have also confirmed those values
of the melting point temperature. It is clear that for these two models the melting point is
rather low as compared to the experimental value. It should be emphasized that not only the
melting points but also complete phase diagrams have been determined for these models.
It has been shown that the TIP4P model is superior to SPC/E in describing the global
phase diagram of water39. For this reason, we have modified slightly the parameters of the
original TIP4P model to reproduce either the experimental value of the melting point, named
TIP4P/Ice model, or to reproduce the temperature of maximum density of the liquid at the
room pressure isobar, the model named TIP4P/200547. The melting point of TIP4P/Ice
and TIP4P/2005 models are of 271(3)K and 249(3)K respectively. Once the melting point
of these models is established firmly it seems a proper moment to analyze the existence
of a quasi-liquid water layer at the temperatures below the melting point. The interest in
determining the existence of a quasi-liquid water layer is growing enormously in recent years,
following the pioneering works of Kroes48 and of Furukawa and Nada49,50. In fact in the last
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three years several groups have analyzed this issue in detail. Carignano et al.51 and Ikeda-
Fukazawa and Kawamura52 have clearly shown the existence of the quasi-liquid water layer
for two different water models. Carignano et al.53 have also studied the effect on impurities
(NaCl) on the quasi-liquid layer using the TIP6P model of water proposed by Nada and
van der Eerden54. Quantum effects on the quasi liquid layer have also been considered by
Paesani and Voth in a recent study55. The behavior of a thin film of ice l deposited on
MgO has been study in detail by Picaud56. Also we have recently reported57 the existence
of the liquid layer for TIP4P, SPC/E, TIP4P/Ice and TIP4P/2005 models. In our recent
work57,58 it has been shown that superheating of ice Ih is suppressed by the existence of a
free surface, since the existence of such a free surface induces the formation of a quasi-liquid
layer, thus reducing to zero the activation energy of the formation of liquid nucleus59,60, as
first speculated by Frenkel61. Besides we have shown recently that the study of the free
surface provides a new methodology to estimate the melting point of water models. In fact
the melting point temperature obtained from our simulations of the free surface was fully
consistent with the values obtained by other routes and by different authors. If the emphasis
of our previous work57 was to propose a new methodology to estimate the melting point of
water models, and to show the absence of superheating of ice with a free surface, in this
work we focus on the study of quasi-liquid water layer and its thickness, using different water
models and different free surfaces of ice.
II. METHODOLOGY
Although the ice Ih is hexagonal, it is possible to use an orthorhombic unit cell
62. It was
with this orthorhombic unit cell that we generated the initial slab of ice. In ice Ih, protons are
disordered while still fulfilling the Bernal-Fowler rules63,64. We used the algorithm of Buch et
al.65 to obtain an initial configuration with proton disorder and almost zero dipole moment
(less than 0.1 Debye) and satisfying the Bernal Fowler rules. In order to equilibrate the
solid, NpT simulations of bulk ice Ih were performed at zero pressure for each temperature
considered. We used the molecular dynamics package Gromacs (version 3.3)66. The time
step was 1fs and the geometry of the water molecules was enforced using constraints67,68. The
Lennard-Jones potential (LJ) was truncated at 9.0 A˚. Ewald sums were used to deal with
electrostatics. The real part of the coulombic potential was truncated at 9.0 A˚. The Fourier
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part of the Ewald sums was evaluated by using the Particle Mesh Ewald (PME) method of
Essmann et al.69. The width of the mesh was 1 A˚ and we used a fourth order polynomial.
The temperature was kept by using a Nose´-Hoover70,71 thermostat with a relaxation time of
2 ps. To keep the pressure constant, a Parrinello-Rahman barostat72,73, with all three sides of
the simulation box were allowed to fluctuate independently, was used. The relaxation time of
the barostat was of 2 ps. The pressure of the barostat was set to zero. The angles were kept
orthogonal during this NpT run, so that they were not modified with respect to the initial
configuration. The use of a barostat allowing for independent fluctuations of the lengths
of the simulation box sides is important. In this way, the solid can relax to equilibrium
by adjusting the unit cell size and shape for the considered model and thermodynamic
conditions. It is not a good idea to impose the geometry of the unit cell. The system should
rather determine it from NpT runs. Once the ice is equilibrated at zero pressure we proceed
to generate the ice-vacuum interface. By convention, we shall assume in this paper that
the x axis is perpendicular to the ice-vacuum interface. The ice-vacuum configuration was
prepared by simply changing the box dimension along the x axis, from the value obtained
from the NpT simulations of bulk ice to a much larger value. The size of the simulation
in the y and z dimension was not modified. In other words, a slab of ice was located in
the middle of a simulation box, and periodic boundary conditions were used in the three
directions of space. The size of the box in the x direction, was about three times lager than
the size of the ice in the y and z directions, so that it is expected that the results obtained
are not affected by the interaction of the ice with its periodical image.
Three different planes were used here as the free ice-vacuum interface. First, the se-
condary prismatic plane (i.e the 12¯10 plane) was considered. In this case we used 1024
molecules, and the approximate size of the simulation box was of 100 A˚ x 31 A˚ x 29 A˚ (the
size of the cell in both the y and z directions are only approximate since the actual values
were obtained from the NpT runs at zero pressure for each water model and temperature).
The approximate area of the ice-vacuum interface was about 31 A˚ x 29 A˚ . This is about
10 molecular diameters in each direction parallel to the interface. Although the interface
properties present important finite size effects74, there is a certain consensus about the fact
that 10 molecular diameters provide reliable estimates of the surface tension of the vapor-
liquid interface for water and other systems, and it seems reasonable to expect that the same
is true for the ice-vacuum interface75.
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We have also analyzed the behavior of ice, when the plane exposed to vacuum was the
basal plane. In this case we used 1536 molecules and the dimensions of the simulation box
were 110 A˚ x 31 A˚ x 27 A˚ (approximately since the y and z value were slightly different for
each water model and temperature). Finally we have also considered the prismatic primary
plane. In this case, we used 1536 molecules and the dimensions of the simulation box were
110 A˚ x 30 A˚ x 27 A˚ . In Table I, the details of the geometry of the initial configuration are
summarized.
More details regarding the relation of the main planes of ice (basal, primary prismatic
and secondary prismatic) to the hexagonal unit cell can be found in figure 1 of the paper
by Nada and Furukawa76, in the paper by Carignano et al.51 and also at the water web site
of Chaplin77. Let us just mention that when an orthorhombic unit cell of ice Ih is used, the
faces of the unit cell are just the secondary prismatic plane, the primary prismatic plane
and the basal plane. Hexagons are clearly visible when the crystal is looked at from the
basal plane and from the secondary prismatic plane, but not when it is viewed from the side
of primary prismatic plane. In the basal plane one of the sides of the hexagons is parallel
to the edge where the basal and the secondary prismatic planes intersect (this is not true
for the secondary prismatic plane) providing a simple way to distinguish the basal and the
secondary prismatic planes.
Once the ice-vacuum system was prepared, we performed relatively long NVT runs (the
lengths was between 6ns and 12ns depending on the water model and thermodynamic condi-
tions). Since we have been using NVT molecular dynamics, the dimensions of the simulation
box have been fixed, of course, unlike in the preceding NpT run. During this NVT simula-
tions, configurations were stored for further analysis every 4-8ps, after an equilibration period
of about 2ns. Thus, typically at the end of a run, about 1500 independent configurations
were available for analysis.
Once the simulations were performed we could proceed to analyze the configurations
obtained. Since the purpose of this study is to determine the liquid layer thickness at the
free surface of ice, a criterion allowing to distinguish liquid like and ice like molecules is
needed. We should admit from the very beginning that there is not a unique procedure to
do that. Mapping a configuration (with a continuous set of coordinates of the molecules)
into a discrete set, i.e the numbers of liquid-like and ice-like molecules requires to establish
the borders between the two phases. Also, going from a configuration of water molecules
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(with a continuous set of coordinates of the molecules) to a number of hydrogen bonds
require a somewhat arbitrary definition of the hydrogen bond. Not surprisingly papers
appear almost every year providing a new definition of the hydrogen bond, and therefore
give different estimations of the hydrogen bonds present in water78. Our approach here is to
establish a reasonable criterion to distinguish liquid-like from ice-like molecules in a given
configuration. We do hope that this allows for a qualitative discussion of the results and a
progress in the field. We admit that different definitions of ice-like and liquid-like molecules
may yield different results than reported here, but the qualitative discussion would remain
very much the same. We do really doubt that an absolute, non arbitrary definition of what
is liquid-like and ice-like part of the system does exist when one deals with a problem in
which both phases are in contact, as it is the case of the free surface of ice. To define ice-like
and liquid-like molecules we shall use the tetrahedral order parameter first introduced by
Errington and Debenedetti79 and that was found quite useful to describe the structure of
glassy water80. For each molecules (i), this parameter qi is defined as:
qi = [1−
3
8
3∑
j=1
4∑
k=j+1
(cos(θj,i,k) +
1
3
)2] (1)
where the sum is over the four nearest neighbours (oxygens) of the oxygen of the i-th water
molecule. The angle θj,i,k is the angle formed by the oxygens of molecules j, i and k (being
molecule i the vertex of the angle). The tetrahedral order parameter adopts a value of 1,
when the four nearest neighbours adopt a tetrahedral arrangement around the central one.
Notice that negative values of q are also possible when the four nearest neighbours adopt a
linear like configuration. Let us define p(q), the probability density p(q), as:
p(q) =<
N(q)
(N∆q)
> (2)
where N(q) is the number of molecules in a given configuration having an order parameter
between q and q+∆q, with ∆q being the size of the grid. The total number of molecules in
the system is denoted as N. The brackets in the above equation mean an ensemble average.
Obviously the probability density p(q) is normalized to unity so that:
1 =
∫
p(q)dq (3)
We have analyzed the distribution function of the order parameter q, in pure ice pIh(q) and
in pure liquid pliquid(q). For that purpose independent simulations were performed for bulk
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water and bulk ice. In figure 1, the distributions p(q) are presented for the TIP4P/Ice and
SPC/E water models. The results were obtained at the respective melting point tempera-
tures. As it is seen, the results for these models are quite similar (when they are compared at
their respective melting point temperatures). For the ice Ih the distribution of p(q) is rather
narrow and centered around 0.98, whereas the distribution for water is broader and centered
around 0.85. Not surprisingly there is a significant amount of tetrahedral order in liquid
water at the melting point temperature. Certainly our results provide further evidence81 of
the existence of tetrahedral order in liquid water in spite of certain claims challenging this
point of view82. The distributions for liquid water obtained by us are in agreement with
those presented recently by Y. I. Jhon et al.83 for liquid water. The two distributions, pIh(q)
and pliquid(q) exhibit a certain degree of overlap . We shall define a threshold value for q, i.e
qt so that if the value of q of a given molecule is larger than qt the molecule is considered as
being ice-like , while for the value of q smaller than qt it is considered as a liquid-like. The
threshold value will be obtained for each model from the relation:
∫ 1
qt
pliquid(q)dq =
∫ qt
0
pIh(q)dq (4)
Where
∫ 1
qt
pliquid(q)dq is the probability of incorrectly assigning an liquidlike as icelike and∫ qt
0
pIh(q)dq is the probability of incorrectly assigning an icelike as liquidlike. In other words,
the threshold value qt is the value of q at which the area of pliquid(q) (for values of q larger
than qt ) is equal to the area under the curve pIh(q) (for values of q smaller than qt). So,
by equating the probability of incorrectly assigning, the errors cancel out. For the threshold
value there are as many water molecules having a value of q larger than qt as molecules of
ice Ih having a value of q smaller than qt. The threshold values for different water models
at the melting point temperature are given in Table II. As it is seen the threshold value of
q is practically identical for all water models. For this reason the value qt = 0.91 will be
used hereafter for all water models. In a given configuration a molecule will be labelled as
a liquid-like whenever the value of q is smaller than qt = 0.91 and will be classified as an
ice-like whenever its value of q is larger than qt = 0.91. Notice that qt is close to (but not
identical with) the point where pliquid(q) and pIh(q) intersect.
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III. RESULTS AND DISCUSSION
We shall start with the presentation of results for the TIP4P/Ice model. In figure 2 the
instantaneous number of liquid-like molecules is presented as a function of the simulation
time for the TIP4P/Ice model. The results correspond to the case in which the secondary
prismatic plane is exposed to vacuum. It is quite evident that the number of liquid-like
molecules increases significantly with temperature and fluctuates around the corresponding
average values. The fluctuations increase with temperature as well.
The thickness of the liquid-like layer has been estimated as follows:
δapparent( ) =
NliquidM
2ρNAV LyLz10−24
(5)
where Nliquid is the average number of liquid-like molecules along the run,M is the molecular
weight of water (18.01574 g/mol), NAV is Avogadro’s number, the product of Ly and Lz
is the area of the interface when both lengths are given in A˚ , 10−24 is the factor needed
to covert cm3 to A˚ 3, while ρ is the density of liquid water in g/cm3. The factor of two
appears in the denominator of the above equation due to the fact that the ice block exhibits
two identical interfaces, one appearing on the left size and the other on the right side of
the simulation cell. As already mentioned, the values of Ly and Lz change slightly from
one model to another, and from one temperature to another. To compute the liquid layer
thickness we shall neglect these small variations and we always use the values reported in
Table I. Concerning the density of water, which appear in the denominator of Eq.5, it also
changes from one water model to another and with the temperature. However, for the
water models considered in this work the density of water at the melting point44 is close to
0.99g/cm3. For this reason we shall use this value to estimate the liquid layer thickness,
δapparent. The origin of the subscript ”apparent” will be clarified later on. In summary,
the thickness of a liquid layer is obtained by equating the average number of liquid-like
molecules obtained from the simulation of the free interface to that of a sample of pure
water of dimensions Ly Lz δapparent.
The instantaneous values (along the run) of the liquid layer thickness of the secondary
prismatic plane of the TIP4P/Ice model are presented in figure 3. As it is seen, the fluctua-
tions of about 1 A˚ in the liquid layer thickness are clearly visible along the run at the highest
temperature, whereas these fluctuations are much smaller at the lowest temperature.
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In Table III the thickness of the liquid layer, δapparent as a function of temperature is
reported for the secondary prismatic plane. Results are presented from very low tempe-
ratures to temperatures quite close to the melting point. A somewhat surprising result is
that the value of the liquid layer thickness is not zero even at a temperature as low as 30K.
An inspection of snapshots from the simulations at that temperature reveals the absence
of a liquid layer. One has to ask the equation: why is the number of liquid molecules and
hence the thickness of a liquid layer non zero at 30K? The reason, is that our definition of
q involves the four nearest neighbours of each molecule. For the molecules occupying the
very last layer of ice it is not possible to form four hydrogen bonds22 (so that at least one
of the four nearest neighbours is not located in a tetrahedral way). Therefore, the value
of q for the molecules occupying the last layer is rather low and hence such molecules are
(incorrectly) classified as liquid-like. For this reason we found it more convenient to define
the true liquid layer thickness as:
δtrue(T ) = δapparent(T )− δapparent(T = 30K) (6)
with this definition the liquid layer thickness goes to zero at low temperatures at it should.
Let us now consider the results for other water models. Table IV gives the values of the
liquid layer thickness obtained for the TIP4P/2005, TIP4P, and SPC/E models of water.
The results reported were obtained for the secondary prismatic plane, and they are similar
to those obtained for the TIP4P/Ice model. Notice that the temperatures considered for
these models are lower than those analyzed for the TIP4P/Ice model. The reason is that
whereas for TIP4P/Ice the melting point reproduces the experimental value, the melting
points of TIP4P/2005, TIP4P and SPC/E models are about 20K, 40K and 60K below the
experimental value, respectively. The magnitudes of the liquid layer thickness obtained for
the SPC/E, TIP4P and TIP4P/2005 models are similar to those obtained for the TIP4P/Ice.
In figure 4 the thickness of the liquid layer at the secondary prismatic plane as a function of
the undercooling and of the reduced undercooling is presented for the four water models. It
is quite well seen that the results of these water models falls into a unique curve, indicating
that there are no significant differences between the models, when they are compared at the
same undercooling or reduced undercooling. In summary it is not a good idea to compare
the values of the liquid layer thickness for two different water models, at a given absolute
temperature. The liquid layer thickness of two water models should be compared at the
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same undercooling (in degrees) wiht respect to the melting point. The results of figure 4
manifest clearly that the existence of a liquid layer is not a characteristic feature of one
specific water model, but is clearly visible in all models considered in this work. Besides,
the results strongly suggest that the thickness of the liquid layer is almost the same for
the different water models, when compared at the same relative temperature to the melting
point. For this reason in what follows we shall consider only the TIP4P/Ice model, since it
is likely that similar results would be obtained with other water models.
In figures 5 and 6 the thickness of a liquid layer as obtained along the run are presented,
when the plane exposed to vacuum is the basal plane and primary prismatic plane, respec-
tively. The results for the liquid layer thickness (both δapparent and δtrue) are summarized in
Table III. The first interesting thing to be noted is that at a given temperature the liquid
layer thickness adopts the largest value for the basal plane and the smallest one for the
secondary prismatic plane. The value of the primary prismatic plane lies between the two.
This is more clearly seen in figure 7 where the value of δtrue for the three planes is plotted as
a function of T for the TIP4P/Ice model. An interesting question is the following: at which
temperature does the formation of a liquid layer begins? We shall denote this temperature as
the pre-melting temperature. Somewhat arbitrarily (again) we shall define the pre-melting
temperature as this at which δtrue adopts the value of 1 A˚ . In Table V the pre-melting
temperatures for the different water models and different ice planes are presented. The
data show that the pre-melting temperature is located around 70 degrees below the melting
point for the secondary prismatic plane temperature ( this approximately true for all the
considered water models). In the case of the primary prismatic plane, the pre-melting tem-
perature is located about 80K below the melting temperature. For the basal plane, however,
the pre-melting starts at a temperature about 100 degrees below the melting temperature.
It is clear that the basal plane must play a crucial role in the physics of ice, since it is the
plane for which the surface melting starts at the lowest temperature and it is the plane for
which at a given temperature the thickness of the liquid layer is the largest.
Let us now present the results for density profiles. In figure 8, 9 and 10 the average density
profiles for the secondary prismatic plane, the basal plane and for the primary prismatic
plane at three different temperatures are presented. These plots provide a qualitative idea
of the number of layers involved in the formation of a liquid film. At low temperatures only
the most external layer of water molecules is involved in the formation of a liquid layer.
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However, at temperatures closer to the melting point two additional ice layers appear as
melted. As it is seen each ice layer of the basal plane has a double peak, the first contai-
ning three oxygens of the hexagonal ring and the second peak corresponding to the other
three oxygens (located at slightly different values of x coordinate). The same is true for the
primary prismatic plane. In summary the liquid film involves the first layer of ice at low
temperature, and two additional layers at temperatures below (but not too close) to the
melting temperatures.
It would be of interest to analyze the scaling behavior of the liquid layer thickness in
the vicinity of the melting point (where a divergence may occur). Although such a study
has not been attempted here, nevertheless it may be of interest in the future. The reason
why the study of the divergence may still require further work is twofold. Firstly, it would
be necessary to determine the melting point of the different water models with still higher
accuracy, reducing the estimated uncertainty by at least one order of magnitude (from 3K of
the current estimates to 0.3K). Secondly to analyze the divergence much larger system sizes
are required, so that one has a large piece of ice in contact with a liquid layer or rather large
area. Roughly speaking, systems sizes of about 20000 molecules, simulations times of about
100ns, and uncertainty in the melting point temperature of about 0.3K are needed to analyze
the possible divergence of the liquid layer thickness as the melting point is approached.
A different issue is whether the simulation times used in this work (being of the order of
several ns ) are sufficiently long to guarantee reliable estimates of the liquid layer thickness.
There are two indications suggesting that this is indeed the case. Firstly, the values of
the liquid layer thickness exhibit fluctuations around average values, and the value of the
average does not tend to increase or decrease with time. Secondly, the lengths of simulation
runs considered in this work are sufficient to melt the block of ice completely, when the
temperature is above the melting point. In figure 11 the evolution of the potential energy of
the system with time is plotted at several temperatures, namely, 300K, 290K and 276K (for
the TIP4P/Ice model the melting point of ice Ih is around 271K). As it can be seen even at
the lowest temperature (276K) it is possible to melt the ice completely in about 3.5 ns. The
final plateau indicates that a complete melting of ice does occur. Obviously, the formation
of a liquid layer with a thickness of about 2 or 3 molecular diameter requires less time than
a complete melting of the entire ice block. Although the diffusion coefficient is expected to
decrease when the temperature becomes lower, we do not expect a dramatic decrease when
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the temperature drops from say 276K to 266K. For this reason, a relatively fast melting of
the ice block in about 3.5 ns at 276K, strongly suggests that a run of similar length should
be enough to obtain a liquid layer thickness of few A˚ . Another indication that the system
is well equilibrated is the fact that the average number of liquid molecules is the same for
the right and the left interfaces. For the TIP4P/Ice model we have also performed a long
run of 30ns of the secondary prismatic plane at T = 266K and the liquid layer thickness
obtained was almost identical to that obtained from a shorter run of about 8ns.
Although we have used MD simulations in our study, nevertheless Monte Carlo simula-
tions could also be used to determine the liquid layer thickness. Motivated by this we have
performed NVT Monte Carlo simulations for the TIP4P/Ice model at the temperatures of
290K and 300K (both above the melting temperature of the model). Monte Carlo runs were
performed using the same initial configuration as used in Molecular Dynamics simulation.
The potential was truncated at the same distance, and rest of the conditions were similar
to those of the Molecular Dynamics simulations (Ewald sums instead of PME were used
in this case to deal with the long range electrostatics). The evolution of the energy of the
system with the number of steps is presented in figure 12 for T = 290K. The results are
presented so that one MD time step corresponds to a Monte Carlo cycle (i.e., a trial move per
molecule). The figure shows that Monte Carlo simulation requires about 1.4 million cycles
to melt the block of ice completely, while MD simulations (using a thermostat) required
only 0.7 millions to melt the ice completely. Quite similar results have been obtained at
the temperature of 300K. Not only the value of the melting point temperature but also the
thickness of the liquid layer should be the same, regardless of whether it was obtained via
Molecular Dynamics or Monte Carlo. In fact, by using our Monte Carlo program we have
determined the liquid layer thickness for the TIP4P/Ice model at T=250K . The length of
the run was of 8 million cycles. The value of thickness for the secondary prismatic plane
obtained (δapparent) by MC was of 5.7(3) A˚ which is in complete agreement with the value
obtained by MD i.e 5.6(3) A˚ .That constitutes a further crosschecking of the results of this
work.
It was mentioned in the introduction that there is a great disparity in the value of the
liquid layer thickness obtained by different experimental techniques25,26,27,28,29,30,31. In figure
7 the thickness of the liquid layer obtained from photoelectron spectroscopy by Salmeron and
co-workers26 are presented and compared with the values obtained in this work (for δtrue).
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This comparison should be taken with a certain care since the criterion used to define a
liquid layer may be different in experiment and in the simulations of this work. However, the
agreement obtained is reasonable and the simulations seem to describe the experimental data
qualitatively at least. It is not obvious at this stage whether the agreement for the liquid like
layer thickness obtained from computer simulation with that obtained from photoelectron
spectroscopy experiments is accidental or is due to the presence of a common underlying
observable. Further work is required to clarify this point. As it was already stated, the
system sizes considered in this work allow us to obtain reliable values of the liquid layer
thickness when it is not larger than about 10-12 A˚ . When the liquid layer becomes thicker
(at the temperatures very close to the melting point) larger system sizes would be required.
In this work we have used a geometrical criterium to identify liquid and solid molecules.
That presents the advantage of simplicity since the geometrical analysis of a certain snapshot
allows to classify each molecule as liquid or solid. One may wonder whether a dynamic
criterium could also be used to identify fluid and solid molecules. Although that makes
the analysis more involved it is worth to explore this possibility. Here we shall present
some results for the secondary prismatic plane of the TIP4P/2005 model. Simulations of
bulk ice Ih (withouth interfaces) showed clearly that the plateau value of the mean square
displacement was between 0.1 A˚2 (100K) and 0.35 A˚2 (250K). Practically no water molecule
presented an individual mean square displacement larger than 1 A˚2. On the other hand we
found that for TIP4P/2005 (which reproduces reasonably way the diffusion coefficient of real
water) , the mean square displacement in the bulk liquid was larger than 1 A˚2 after 400ps
(at least for temperatures above 200K). Thus we decided to establish a simple dynamic
criterium to classify the molecules as liquid or solid. A molecule will be classified as liquid
if after 400ps, its square displacement is larger than 1 A˚2 and will be solid otherwise. We
do not pretend here to provide a quite elaborate dynamic definition but rather to establish
a simple criterium. In Table VI the thickness of the quasi-liquid layer determined by the
dynamic criterium are provided. As it can be seen the thickness of the quasi liquid layer
tend to zero at low temperatures. The thickness determined from the dynamic criteria is
not identical to that obtained from the geometrical criteria. However they are of the same
order of magnitude and they agree reasonably well. Thus probaby both geometrical and
dynamic criteria can be used to identify liquid and solid molecules to determine the liquid
layer thickness although in this work we have used extensively the geometric criteria.
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Finally since a picture is worth a thousand words, let us finish by presenting an instanta-
neous configuration obtained for the TIP4P/Ice model at T=268K in the basal plane. This
is presented in figure 13. The picture shows a graphical evidence of the existence of a liquid
layer at the free surface of ice.
IV. CONCLUSIONS
In this work we have reported on the results of computer simulation study of the forma-
tion of a liquid layer at the ice surface at the temperatures below the melting point. A slab
of ice has been located in the middle of a large simulation box, and long MD runs have been
performed, for different planes of ice exposed to vacuum. Three different planes considered:
the secondary prismatic plane, the basal plane and the primary prismatic plane. A tetra-
hedral orientational order parameter has been used to classify each water molecule within
an instantaneous configuration as being liquid-like or solid-like. When the orientational or-
der parameter was larger than the threshold value, set as equal to qt = 0.91, the molecule
was regarded as an ice-like. When the orientational order was smaller then the molecule
was classified as a liquid-like. In this way the average number of liquid-like molecules was
calculated, and the liquid layer thickness was estimated. Main findings of this work are as
follows:
• There is a clear evidence that a liquid layer develops at the free surface of ice at the
temperatures below the melting point.
• The appearance of liquid layers starts at different temperatures depending on the ice
surface plane exposed to vacuum. It appears at the temperature of about -100 (with
respect to the melting point) for the basal plane, at about -80 for the primary prismatic
plane and at about -70 for the secondary prismatic plane. The thickness of a liquid
layer increases with temperature.
• At a given temperature the thickness of the liquid layer is larger for the basal plane
than for the primary prismatic plane, and for the primary prismatic plane is larger
than for the secondary prismatic plane.
• When the thickness of liquid layer for different water models are compared at the same
degree of undercooling , then the value of the liquid layer thickness is practically the
15
same for all water models.
• The thickness of the liquid layer seems to be of the order of about 10 A˚ at the tempera-
tures up to 3-4K below the melting point. To determine the thickness at temperatures
closer to the melting point, larger simulation cells and more accurate estimates of the
melting point are needed.
• The thickness of liquid layers determined in this work seem to be of the same order of
magnitude as determined by H. Bluhm et al.26, from photoelectron spectroscopy.
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TABLE I: Details of the geometry of the initial configuration for different planes of ice correspond-
ing to different water models. Lx, Ly, Lz are the dimensions of the simulation box in A˚ . The x
axis is perpendicular to the ice-vacuum interface. Lice is the size of the initial block of ice (in the
x direction). All dimensions are given in A˚ .
N The plane exposed Lx Ly Lz Lice
1024 Secondary prismatic 100 31 29 36
1536 Basal 110 31 27 59
1536 Primary prismatic 110 30 27 62
TABLE II: Threshold value of the orientational order parameter, qt, for the different water models
(as determined at their respective melting temperatures).
Model qt
TIP4P/Ice 0.9076
TIP4P/2005 0.9085
TIP4P 0.9105
SPC/E 0.9101
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TABLE III: Thickness of the liquid layer for different planes of the TIP4P/Ice model. δapparent
and δtrue are given in A˚ and the temperature is given in K.
Water model and plane T δapparent δtrue
270 7.3(5) 4.4(7)
269 7.2(5) 4.3(7)
266 6.7(3) 3.8(5)
264 6.6(4) 3.7(6)
TIP4P/Ice 250 5.6(3) 2.7(5)
(Secondary prism.) 230 4.6(2) 1.7(4)
200 3.9(3) 1.0(5)
170 3.4(2) 0.5(4)
150 3.2(2) 0.3(4)
123 3.1(2) 0.2(4)
30 2.9(2) 0.0(2)
270 9.6(5) 7.5(7)
268 9.6(5) 7.5(7)
TIP4P/Ice 266 8.4(2) 6.3(4)
(Basal) 240 5.9(3) 3.8(5)
200 4.1(2) 2.0(4)
170 3.3(2) 1.2(4)
30 2.1(2) 0.0(2)
270 9.5(6) 6.8(8)
268 9.0(6) 6.3(8)
TIP4P/Ice 266 8.5(6) 5.8(8)
(Primary prism.) 240 5.4(3) 2.7(5)
200 4.0(2) 1.3(4)
30 2.7(2) 0.0(2)
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TABLE IV: Thickness of the liquid layer for the different water models (TIP4P/2005, TIP4P and
SPC/E). δapparent and δtrue are given in A˚ and the temperature is given in K.
Water model and plane T δapparent δtrue
249 8.5(1.0) 6.0(1.2)
247 7.3(4) 4.8(6)
245 6.8(3) 4.3(5)
244 6.7(4) 4.2(6)
TIP4P/2005 230 5.3(3) 2.8(5)
(Secondary prism.) 200 4.1(2) 1.6(4)
180 3.8(2) 1.3(4)
140 3.4(2) 0.9(4)
100 3.0(2) 0.5(4)
30 2.5(2) 0.0(2)
228 7.1(4) 4.6(6)
TIP4P 224 6.6(3) 4.1(5)
(Secondary prism.) 200 3.9(2) 1.4(4)
160 3.8(2) 1.3(4)
30 2.5(2) 0.0(2)
SPC/E 212 7.0(2) 4.0(4)
(Secondary prism.) 209 6.3(5) 3.3(7)
150 4.1(2) 1.1(4)
30 3.0(2) 0.0(2)
22
TABLE V: Pre-melting temperature for different water models and different planes of ice. The
temperature is given in K. Tpre−melting is defined as the temperature at which δtrue is 1 A˚ .
Model Tmelting Tpre−melting Tpre−melting-Tmelting
TIP4P/Ice basal plane 271 (3) 170 ∼ -100
TIP4P/Ice primary prismatic plane 271 (3) 190 ∼ -80
TIP4P/Ice secondary prismatic plane 271 (3) 200 ∼ -70
TIP4P/2005 secondary prismatic plane 249 (3) 180 ∼ -70
TIP4P secondary prismatic plane 230 (3) 160 ∼ -70
SPC/E secondary prismatic plane 215 (4) 150 ∼ -65
TABLE VI: Thickness of the liquid layer for TIP4P/2005 as obtained from the dynamic criteria
δdynamic and from the geometric criteria δapparent and δtrue. Results were obtained for the secondary
prismatic plane. δdynamic, δapparent and δtrue are given in A˚ and the temperature is given in K.
Water model and plane T δdynamic δapparent δtrue
249 8.9(7) 8.5(1.0) 6.0(1.2)
247 7.5(5) 7.3(4) 4.8(6)
TIP4P/2005 230 3.9(3) 5.3(3) 2.8(5)
(Secondary prism.) 200 1.5(3) 4.1(2) 1.6(4)
180 1.2(6) 3.8(2) 1.3(4)
140 0.5(1) 3.4(2) 0.9(4)
100 0.1(1) 3.0(2) 0.5(4)
30 0.0(1) 2.5(2) 0.0(2)
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FIG. 1: Probability density distribution p(q) of the orientational order parameter q, for the
water models as obtained at the melting point temperature of the model (at room pressure) from
simulations of bulk water and bulk ice Ih. (A) TIP4P/Ice; (B) TIP4P/2005; (C) TIP4P and (D)
SPC/E.
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FIG. 2: Instantaneous number of liquid molecules, Nliquid, as a function of the simulation time for
the TIP4P/Ice model (secondary prismatic plane).
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FIG. 3: Instantaneous values of the liquid layer thickness, δapparent, as a function of the simulation
time for the TIP4P/Ice model (secondary prismatic plane).
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FIG. 4: The Thickness of a liquid layer for the secondary prismatic plane as a function of the
undercooling (A) and of the reduced undercooling (B) of the model for the different models of
water potentials.
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FIG. 5: Instantaneous values of the liquid layer thickness, δapparent, as a function of the simulation
time for the TIP4P/Ice model (basal plane).
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FIG. 6: Instantaneous values of the liquid layer thickness, δapparent, as a function of the simulation
time for the TIP4P/Ice model (primary prismatic plane).
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FIG. 7: The thickness of a liquid layer for the TIP4P/Ice model at the secondary prismatic, basal
and primary prismatic pl ane as a function of the undercooling (A) and of the reduced undercooling
(B) of the model. Included are the experimental values by Bluhm et al.26
.
-140 -120 -100 -80 -60 -40 -20 0
(T - Tm) / K
0
2
4
6
8
10
δ t
ru
e 
/ (
Å)
secondary prismatic plane
basal plane
primary prismatic plane
experimental values
-0.55 -0.5 -0.45 -0.4 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0
(T - Tm) / Tm
0
2
4
6
8
10
δ t
ru
e 
/ (
Å)
secondary prismatic plane
basal plane
primary prismatic plane
experimental values
TIP4P/ICE Model
Tm = 271 K
TIP4P/ICE Model
Tm = 271 K
( B )
( A )
FIG. 8: The density profile for the TIP4P/Ice model and the secondary prismatic plane exposed
to vacuum.
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FIG. 9: The density profile for the TIP4P/Ice model and the basal plane exposed to vacuum.
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FIG. 10: Density profile for the TIP4P/Ice model and the primary prismatic plane exposed to
vacuum.
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FIG. 11: The evolution of the system energy with time at the temperatures of 300K, 290K and
276K for the TIP4P/Ice model obtained by MD simulation. The plane exposed to vacuum was the
secondary prismatic plane. The final plateau indicates a complete melting of ice (the temperatures
used are above the melting point of the model).
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FIG. 12: Evolution of the energy of the system with time at 290K for the TIP4P/Ice model
obtained by MD and MC simulations. A single step of MC simulation (a trial move per particle)
corresponds to a single time step in MD simulation.
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FIG. 13: Instantaneous configuration of the TIP4P/Ice system at 268K at the end of a 5 ns run.
Although the temperature is well below the melting point of the model, a quasi-liquid layer is
clearly present at the ice-vacuum interface. The plane that can be seen is the secondary prismatic
plane. The plane exposed to the vacuum is the basal plane.
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